Time-course of oxygen free radical production in acinar cells during acute pancreatitis induced by pancreatic duct obstruction  by Uruñuela, A et al.
Time-course of oxygen free radical production in acinar cells during
acute pancreatitis induced by pancreatic duct obstruction
A. Urun˜uela a, S. Sevillano a, A.M. de la Mano a, M.A. Manso a, A. Orfao b, I. de Dios a,*
aDepartamento de Fisiologı´a y Farmacologı´a, Edificio Departamental, Campus Miguel de Unamuno, University of Salamanca, 37007 Salamanca, Spain
bFlow Cytometry Service, University of Salamanca, Salamanca, Spain
Received 31 January 2002; received in revised form 19 April 2002; accepted 26 June 2002
Abstract
The time-course of oxygen free radicals (OFR) generation within acinar cells was studied at different stages of acute pancreatitis (AP)
induced in rats by duct obstruction (PDO) for 48 h by flow cytometry, using dihydrorhodamine-123 (DHR) as fluorescent dye. Parallel
measurements of the most common markers of oxidative stress such as glutathione (GSH) depletion and malondialdehyde (MDA) levels in
pancreas were also performed. OFR production significantly increased within acinar cells at early stages of AP, concomitant with a marked
depletion in pancreatic GSH. Lipid peroxidation was significantly enhanced 6 h after PDO, suggesting that the antioxidant defence system of
the cell is overwhelmed by OFR production. Both MDA and OFR production in acinar cells decreased to normal values at late AP stages,
thus allowing the recovery of pancreatic GSH levels 48 h after PDO. Among the two types of acinar cells differentiated by flow cytometry,
R1 and R2, it was the R2 population that showed higher values of DHR dye. However, no differences between the two cell types were found
regarding the amount of OFR generation. Our results demonstrate that individual acinar cells significantly contribute to produce large
amounts of OFR at early stages of AP. The two existing populations of acinar cells displayed similar behaviour regarding oxidative stress
over the course of the disease.
D 2002 Elsevier Science B.V. All rights reserved.
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1. Introduction
Acute pancreatitis (AP) is an inflammatory disease whose
pathophysiology remains poorly understood. It is usually
considered to be an autodigestive disease, in which, in
addition to premature intracellular protease activation [1],
other mechanisms such as oxidative stress have also been
shown to be involved in the development of the disease [2,3].
Since Sanfey et al. [4] suggested the possible role of oxygen
free radicals (OFR) in AP, many studies have been carried
out in order to investigate the role of oxidative stress in
different experimental models of AP [5–10]. Under healthy
conditions, OFR are generated by aerobic cells as by-
products of a number of metabolic reactions, but they are
quickly removed by a system of enzymatic and non-enzy-
matic antioxidants within the cell. If OFR production
exceeds the cellular antioxidant defence mechanisms, oxi-
dative stress develops. This leads to disturbances in cellular
homeostasis since these OFR can cause biochemical and
functional alterations at different cellular levels, such as lipid
peroxidation [11], protein oxidation [12] or DNA damage
[13], among other toxic effects. Glutathione (GSH) is one of
the most important cellular antioxidants [14], which is
generally depleted under situations in which OFR produc-
tion is enhanced, as occurs in AP [7–9]. On this basis, the
oxidative state of the pancreas is routinely evaluated by
indirect measurements on extracts of tissue. Pancreatic GSH
levels and concentration of malondialdehyde (MDA), as a
product of membrane lipid peroxidation [15] are widely
considered as indices of the cellular redox estate. However,
direct analysis of oxidative stress on individual acinar cells
have not been performed. Two different populations of
acinar cells have recently been reported in rat pancreas
[16–19]. Differences in the light scatter properties and in
the plasma membrane glycoconjugates were found [16,17].
In addition, they showed different behaviour regarding the
enzyme load and intracellular Ca2 + content in rats with AP
induced by pancreatic duct obstruction (PDO) [19]. In this
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study, the time-course of OFR generation has been analyzed
in individual acinar cells during 48 h after inducing AP in
order to evaluate the relative contributory role of both types
of acinar cells to oxidative damage in the pancreas at the
different stages of pancreatitis. The results were associated
with the depletion of GSH and production of MDA in the
whole pancreas.
2. Materials and methods
2.1. Chemicals
Collagenase type VII, soybean trypsin inhibitor (STI),
amino acid admixture, bovine serum albumine (BSA), dihy-
drorhodamine-123 (DHR), N-(2-hydroxyethyl) piperazine-
NV-(2-ethanesulfonic acid) (Hepes), GSH, h-nicotinamide
adenine dinucleotide phospate reduced form (NADPH),
glutathione reductase type III, ethylenediamine-tetraacetic
acid (EDTA) and 5,5V-dithio-bis(2-nitrobenzoic acid)
(DTNB) were supplied by Sigma Chemical Co. (Spain).
Other standard analytical grade laboratory reagents were
obtained from Merck (Germany).
2.2. Surgical procedure
Male Wistar rats weighing 250–300 g were used. After
12 h fasting, the rats were anaesthetized with ether and acute
pancreatitis was induced by ligation of the common bile–
pancreatic duct at the distal part, close to its exit to the
duodenum. Afterwards, the abdomen was closed with 5–0
polyester sutures and the animals were again placed in their
cages with free access to food and water. Sham-operated rats
were used as controls; in these animals, bile–pancreatic duct
was dissected but not ligated. Post-operative analgesia was
maintained in all animals by subcutaneous injections of
buprenorphine (0.2 mg/kg/8 h).
2.3. Animal groups
Rats were randomly divided into different groups. Con-
trols and rats with PDO for 1.5 h (n = 12), 3 h (n = 11), 6 h
(n = 13), 12 h (n = 15), 24 h (n = 12) and 48 h (n = 11) were
prepared. Intact animals were considered as 0 h PDO
(n = 12). At each stage, samples were collected under
anaesthesia with sodium pentobarbital (3 mg/100 g of body
weight). Different animals from each group were used to
analyze the oxidative stress either in isolated pancreatic
acinar cells or in pancreatic homogenates. The study proto-
col was approved by the Ethics Committee of the University
of Salamanca.
2.4. Collection of samples
Laparotomy was performed and the peritoneal fluid
(ascites) was collected by aspiration. Blood samples were
taken by cardiac puncture to determine hematocrit and
plasma amylase activity. Finally, the entire pancreas was
removed to determine the percentage of fluid, MDA content
and GSH levels or for isolation of pancreatic cells.
2.5. Assays
2.5.1. Pancreatitis indicators
Amylase activity was determined in plasma and ascites
using the method of Noelting and Bernfeld [20]. To
measure the hematocrit, heparinized blood was centrifuged
at 4000 g for 5 min in microhematocrit tubes. The
amount of tissue fluid was calculated by drying the pan-
creas at 100 jC for 72 h.
2.5.2. Measurements of GSH and MDA in pancreas
After homogenizing the pancreas in 5%–5 sulfosalicylic
acid, the GSH content was measured using the specific
technique described by Tietze [21], based on the spectro-
photometric monitoring of GSH-mediated reduction of
DTNB at 412 nm.
For MDA measurement, pancreata were homogenized in
0.9% NaCl. The concentration of MDA was quantified by
thiobarbituric acid reaction [22].
2.5.3. Preparation of isolated cells
Acinar cells were isolated as previously described [16].
After a median laparotomy, the bile duct was ligated at its
exit from the liver and the main pancreatic duct was
cannulated at its exit into the duodenum to perfuse 5 ml
of 25 mM HEPES solution pH 7.4 containing collagenase
(40 U/ml), 0.1 mg/ml STI, 100 mM NaCl, 5 mM KCl, 1
mM MgCl2, 1 mM CaCl2, 14 mM D-glucose, 2 mM
glutamine, 2% (w/v) BSA and 2% (w/v) amino acid
admixture. The solution was pre-incubated with 95% O2
and 5% CO2 and all further incubations were performed
with this gas phase. The pancreas was digested at 37 jC in a
shaking bath (200 cycles/min) during 20 min and washed
with fresh collagenase solution every 5 min. Following
gentle pipetting through tips of decreasing diameter (3–1
mm), cells were filtered through a double layer of muslin
gauze and then centrifuged at 30 g for 30 s at 4 jC. The
supernatant was collected and centrifuged at 500 g, 5 min
at 4 jC. The supernatant was discarded and the cell pellet
resuspended in HEPES buffer without collagenase and
centrifuged again at 500 g for 5 min at 4 jC. The pellet
was resuspended in HEPES buffer without collagenase at a
concentration of 107 cells/ml. The labelling of isolated cells
with specific antisera against digestive enzymes assessed the
purity of acinar cells as 99% [16].
2.5.4. Analysis of OFR generation in acinar cells
Oxidative stress in individual acinar cells was measured
by using DHR. DHR easily crosses cell membranes and
upon oxidation by OFR, turns into rhodamine-123 and
becomes fluorescent [23].
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A suspension of 100 Al of acinar cells (106) were
loaded with 25 mM DHR for 20 min at 4 jC in the
dark. After washing twice with HEPES buffer, the intra-
cellular green fluorescence (Fl1) due to DHR dye, was
measured using a FACScalibur dual laser flow cytometer
(Becton/Dickinson, San Jose, CA), equipped with a
double discrimination module. The argon-ion laser emit-
ting light at 488 nm and 15 mW was used. Calibration of
the instrument was performed on a daily basis using
Calibrite beads (Becton/Dickinson). Leukocytes infiltrat-
ing the pancreas were excluded on the basis of their
unique high-light scatter properties [forward or low light
scatter (FSC)/side or 90j light scatter (SSC)]. At each
stage studied, cells from sham-operated and PDO-rats
were measured in parallel, in order to express the
changes in the intensity of Fl1 in pancreatic cells from
PDO-rats as percentages of values obtained in sham-
operated rats. The Paint-a-Gate 3.0 software programme
was used for data acquisition and analysis. In each
experiment, the mean value per individual cell was
obtained from the analysis of at least 10,000 cells.
2.6. Statistical analysis
Results are expressed as meanF S.E. analysis of var-
iance (ANOVA) followed by Fisher test was applied in
order to establish whether the differences between controls
and rats with PDO for different times were statistically
significant. Paired Student’s t-test was applied to the results
Table 1
Hematocrit, percentage of fluid, volume of ascites and amylase activity in ascites and plasma
Hematocrit (%) Percentage of fluid Volume of ascites (ml) Amylase in ascites (U/dl) Amylase in plasma (U/dl)
PDO 0 h (n= 7–12) 43.22F 0.46 72.65F 0.72 0.63F 0.11 0.02F 0.01 5.38F 0.3
PDO 1.5 h (n= 5–7) 46.19F 0.97 (*) 76.8F 0.96 (*) 1.12F 0.19 0.56F 0.10 (*) 7.49F 0.57
PDO 3 h (n= 5) 49.58F 0.77 (***) 78.10F 1.36 (***) 1.82F 0.73 (*) 0.83F 0.22 (**) 10.39F 0.76 (***)
PDO 6 h (n= 5) 52.21F1.02 (***) 81.50F 1.07 (***) 4.04F 1.15 (***) 1.96F 0.30 (***) 13.81F1.37 (***)
PDO 12 h (n= 5–8) 49.00F 0.64 (***) 79.73F 0.81 (***) 3.95F 0.73 (***) 3.01F 0.51 (***) 16.04F 1.50 (***)
PDO 24 h (n= 5–7) 44.91F1.42 79.80F 0.54 (***) 1.01F 0.14 0.31F 0.10 14.96F 1.55 (***)
PDO 48 h (n= 5–6) 43.60F 0.75 81.14F 1.81 (***) 0.04F 0.11 0.09F 0.02 8.10F 0.40
Values are meanF S.E., n represents the number of animals. Statistical test showed significant differences with respect to 0 h PDO. * P< 0.05, ** P < 0.001,
*** P < 0.01.
Fig. 1. Flow cytometric distribution of acinar cells according to FSC/SSC
(A), and to FSC/DHR dye (Fl1) (B). Dot plots are representative examples
of one experiment. Acinar cells were from rats with PDO for 6 h.
Fig. 2. Flow cytometry analysis of intracellular generation of OFR in
individual acinar cells from rats with PDO for 1.5 h (n= 5), 3 h (n= 5), 6 h
(n= 8), 12 h (n= 7), 24 h (n= 5) and 48 h (n= 5), using DHR as fluorescent
dye. Data are expressed as means of percentages of values obtained in
sham-operated rats F S.E. n—number of animals. ANOVA test followed
by Fisher test showed statistically significant vs. controls ( *P < 0.05).
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obtained in the two acinar cell populations, R1 and R2. In
all cases, P values lower than 0.05 were considered to be
statistically significant.
3. Results
As can be seen in Table 1, progressive increases in
hematocrit, percentage of fluid in pancreatic tissue and
amylase activity in ascites and plasma were observed from
1.5 to 12 h after PDO. The highest values were reached 6
and 12 h after PDO (P < 0.001). Hematocrit, volume of
peritoneal fluid and amylase activity in ascites returned to
control values 24 h after PDO, whereas plasma amylase
activity still remained increased at this stage.
Fig. 1 shows a representative example of the flow
cytometric distribution of pancreatic acinar cells according
to FSC (forward or low light angle scatter) vs. SSC (side or
90 jC light scatter) (Fig. 1A) and FSC vs. DHR dye (Fig.
1B). Two well-differentiated populations of cells could be
observed on the basis of FSC, which are referred to as R1
and R2. Since R2 cells showed higher values of FSC—a
parameter related to size [24]—this minor population is
made up of larger cells than R1. Regarding the intensity of
fluorescence due to DHR, a great degree of heterogeneity
could be observed in both populations. Nevertheless, R2
cells displayed higher values of DHR dye than R1 cells in
all animal groups.
Flow cytometric analysis of individual acinar cells
(Fig. 2) revealed an increase in the mean fluorescence in-
tensity due to DHR from 3 h after PDO, although statistical
significance (P < 0.05) was not reached until 6 and 12 h
after PDO.
Regarding the changes in DHR-fluorescence respect to
the values obtained in sham-operated rats, no significant
differences between R1 and R2 cells were found at different
times of PDO (Fig. 3).
The content of total GSH in pancreatic tissue is shown in
Fig. 4. Significantly (P < 0.001) decreased concentrations of
GSH were found from 3 to 24 h after PDO. Normal GSH
values were reached 48 h after PDO.
A significant (P < 0.001) increase in MDA concentra-
tions (Fig. 5) was observed in pancreas from rats subjected
to PDO for 6 h.
4. Discussion
The role of oxidative stress in AP has been widely
studied in several animal models [5–10]. However, little
data are available regarding AP induced by PDO, even
though this experimental design represents a useful model to
study gallstone-induced pancreatitis—the most common
etiology of the disease in humans [25]. Although it is
accepted that the biochemical alterations that lead to AP
Fig. 3. Flow cytometric analysis of intracellular OFR in R1 and R2 acinar
cells from rats with PDO for 1.5 h (n= 5), 3 h (n= 5), 6 h (n= 8), 12 h
(n= 7), 24 h (n= 5) and 48 h (n= 5), using DHR as fluorescent dye. Data are
expressed as means of percentages of values obtained in sham-operated rats
F S.E. n—number of animals. Paired Student’s t test showed no significant
differences between R1 and R2 cells.
Fig. 4. Pancreatic content of GSH in rats with PDO for 0 h (n= 12), 1.5 h
(n= 5), 3 h (n= 6), 6 h (n= 5), 12 h (n= 8), 24 h (n= 7) and 48 h (n= 6).
Values are expressed as meanF S.E. n—number of animals. ANOVA test
followed by Fisher test showed statistically significant differences vs. rats
without PDO (0 h) (* * *P < 0.001).
Fig. 5. Tissue levels of MDA in rats with PDO for 0 h (n= 10), 1.5 h (n= 7),
3 h (n= 6), 6 h (n= 5), 12 h (n= 6), 24 h (n= 6) and 48 h (n= 5). Values are
expressed as meanF S.E. n—number of animals. ANOVA test followed by
Fisher test showed statistically significant differences vs. rats without PDO
(0 h) (* * *P < 0.001).
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are initiated within acinar cells at early stages [26], the
evaluation of the OFR and its role in AP is generally
performed in homogenates of pancreatic tissue [6,9–11].
Therefore, our major goal was to evaluate the individual
contribution of acinar cells to OFR production at different
stages of AP induced by PDO and correlate the results with
the pancreatic GSH content, as a major reductant factor in
oxidant–reductant processes.
In this study, intracellular OFR generation was monitored
by flow cytometry using DHR as fluorogenic dye. DHR is
usually considered as a useful tool for depicting the pro-
duction of O2
 , H2O2, and OONO
 [23]. Flow cytometric
analysis of acinar cells loaded with DHR revealed a pro-
gressive enhancement of OFR production from 3 to 12 h
after PDO, which was concomitant with the progressive
development of AP, as revealed by the different parameters
used for diagnosing the severity of the disease. Neverthe-
less, OFR are characterized by an extremely short half-life
because they attack nearby substrates such as proteins, lipids
and DNA [11–13]. Therefore, the production of OFR at
earlier stages of AP should not be ruled out. This notion is
supported by Reinheckel et al.’s [27] reports who found
oxidized proteins in pancreas as a result of oxidative stress 1
h after inducing AP by both taurocholate and cerulein [28],
even before pancreatic edema and hyperamylasemia were
observed. In the current study, lipid peroxidation, expressed
in terms of MDA concentration, also seems to have started
1.5 h after PDO, but it was 6 h after PDO when the highest
MDA levels were found. Reinheckel et al. reported that
protein oxidation precedes the formation of the lipid perox-
idation product MDA, suggesting independent pathways for
the oxidative damage exerted on different cellular sub-
strates. Protection against OFR requires enzymatic and
non-enzymatic antioxidants [29] such as GSH. Our results
show that the enhanced lipid peroxidation observed 6 h after
inducing AP is concomitant with the maximum depletion of
GSH and the highest increases in DHR dye in acinar cells.
These data indicate that at this stage of AP, a large OFR
production takes place in acinar cells which overwhelms
OFR neutralization by the antioxidant defence system in
acinar cells and suggests that MDA generation might
require higher amounts of OFR than protein oxidation.
Peroxidation of lipids of membranes would lead to distur-
bances in membrane organization and cellular damage
observed by electron microscopy in previous studies [19].
Furthermore, some of the products resulting from lipid
peroxidation may act as co-factors or activators of other
pathological mechanisms, like phospholipase A2 [30], an
enzyme whose serum levels correlate with the severity of
AP and which seems to be involved in lung damage
occurring during AP [31]. In the light of the OFR increases
in acinar cells and the reduced GSH levels, MDA increase
could have been expected 12 h after PDO. However, as
occurs in other experimental models of AP [28,32], a single
peak of MDA was observed 6 h after PDO. Currently, we
cannot explain this finding but as an asynchronous oxida-
tion of proteins and lipid was described by Reinheckel et al.
[27,28], a later attack of OFR to a new target while MDA is
metabolized could be a possibility.
Activated neutrophil system, xanthine oxidase (XOD)
and mitochondrial dysfunction are among the mechanisms
responsible for inducing oxidative stress [33]. Although
neutrophils that infiltrate into the pancreas from early stages
of AP can contribute to the generation of OFR [34], our
results indicate that acinar cells—themselves—are able to
significantly increase OFR production, thereby acting as
messengers to directly and/or indirectly enhance the activa-
tion of intracellular proteases and the inflammatory reaction
during the development of AP.
From 24 h after PDO, individual acinar cells no longer
showed increased values of fluorescence due to DHR.
Morphological alterations [18] and depletion of ATP levels
in acinar cells [8,9] indicate that mitochondria are early
targets of cell damage in AP. Taking into account that these
organelles are the main source of OFR [35], our results can
be explained by a severe mitochondrial injury at late stages
of AP in many acinar cells, rendering them incapable of
producing more OFR because of impairment in the energy
metabolism. Furthermore, DHR is a dye which easily
crosses all membranes and becomes fluorescent upon oxi-
dation generating rhodamine-123, also located in the mito-
chondria [23]; if these organelles are severely injured, cells
could fail to take up the dye.
GSH levels returned to normal values 48 h after PDO.
Since we measure total glutathione, this could be attributed
to an enhanced oxidized glutathione (GSSG). Nevertheless,
it has been reported that this does not occur during AP
induced by duct obstruction [9]. We suggest that the GSH
turnover supplies GSH to the pancreas from other organs,
such as the liver, the main source of GSH in the body. Since
OFR are not generated at late stages of AP, GSH may not be
used as reductant factor, thus allowing the recovery of GSH
levels in pancreatic tissue.
Despite the mean values of DHR dye in acinar cells, and
GSH and MDA pancreatic contents returning to control
values at late stages of AP induced by PDO, the improve-
ment of the disease should not be considered in the light of
the severe morphological alterations at 24 and 48 h after
PDO observed by electron microscopy studies [16–19].
Flow cytometric studies revealed the existence of two
well-differentiated populations of acinar cells, R1 and R2,
on the basis of light scatter properties. The two cell types
have been shown to react distinctly to AP induction as
regards enzyme load [16] and intracellular Ca2 + concen-
trations [19]. In the present study, both in controls and PDO-
rats, R2 cells showed higher values of fluorescence intensity
due to DHR, a finding that suggests either higher oxidative
capacity and/or higher respiratory metabolism than R1 cells.
Accordingly, we expected both populations to behave in a
different way with regard to oxidative metabolism. How-
ever, no differences between them could be observed. Both
populations of acinar cells displayed similar behaviour in all
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stages of AP induced by PDO, which suggests that oxidative
stress within acinar cells does not totally correlate with other
pathological mechanisms involved in the development of
AP, such as Ca2 + homeostasis or enzyme overload.
In conclusion, our study clearly shows that acinar cells
produce large amounts of OFR at early stages of PDO-
induced AP in rats, which may contribute to the oxidative
injury of the pancreas. In addition, we have shown that the
two existing populations of acinar cells display a similar
behaviour regarding oxidative stress during different stages
of AP. Further studies are needed to clarify the relationship
between the different events related to oxidative stress and
other intracellular pathological events involved in the devel-
opment of acute pancreatitis.
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